Energy migration between the identical chromophores is a necessary process in both natural and artificial photosynthesis. The distance and orientation dependence of energy migration have not been experimentally investigated in detail. Here we propose a method to investigate energy migration. Two fluorophores are introduced into one strand of a DNA duplex with a quencher placed opposite one of fluorophores. This design enables asymmetrization of identical fluorophores and allows one fluorophore to behave as an acceptor. The emission intensities and lifetimes decrease depending on the efficiency of energy migration. Distance and orientation dependence are successfully quantified, and the excitation energy migration efficiencies measured are in excellent agreement with those calculated based on Förster theory. We also demonstrate that multi-step energy migration among four fluorophores can be estimated from the theory. These results may provide a basis for design and preparation of efficient light-harvesting photonic devices and chemical probes.
E xcitation energy migration (EM), also called excitation energy hopping or homo Förster resonance energy transfer (homo-FRET), is energy transfer among identical chromophores. This type of transfer is a key process in natural photosynthesis since excitation energy can be transported without losing photon energy. In natural light-harvesting complexes, absorbed energy migrates first among a number of identical chlorophyll molecules and subsequently transfers to reaction centre. Natural light-harvesting complexes achieve efficient solar energy conversion by tuning energy migration efficiency 1 . Energy migration is also important in artificial light-harvesting systems, chemical sensing, photon energy conversion, and analyses of biomolecular probes [2] [3] [4] . Although it has been shown that EM efficiencies can be controlled to an extent through positioning of covalent or non-covalent bonds, precise control of distance and orientation of chromophores over a wide range still remains challenging.
DNA spontaneously forms a well-defined right-handed double helix, in which four nucleobases are aligned according to the sequence. Arrays of non-natural molecules with pre-determined size, distance, and even sequence can be easily prepared by incorporating unnatural monomer into DNA through covalent bonding 5, 6 . DNA has been widely used as a platform to prepare chromophoric arrays [7] [8] [9] [10] [11] , and recently, photonic arrays and circuits based on DNA nano-structures have been reported [12] [13] [14] [15] . In these structures, EM and hetero FRET play crucial roles in efficient energy harvesting and transport [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Several research groups, including ours, have utilized DNA scaffolds to quantify orientation and distance dependence of hetero FRET from a donor to an acceptor [27] [28] [29] [30] [31] [32] [33] . Distance and orientation dependences of energy migration between identical chromophores have not been elucidated. In homo-FRET, energy migration occurs among the identical chromophores, and each chromophore can function both as a donor and an acceptor. Such symmetry among the chromophores makes it impossible to separate donor and acceptor emission. Time-resolved anisotropy measurement has been used to analyse EM; however, the analyses are modeldependent, and kinetic parameters cannot be determined directly 34 .
Herein, we describe a system for analysis of EM using a DNA scaffold in which the symmetry between the identical fluorophores is broken. Our design is depicted in Fig. 1a . Two identical fluorophores are introduced into the DNA strands. The distance between the two is controlled by changing the number of intervening base pairs. A quencher is located opposite one of two fluorophores in the DNA duplex, which makes that particular fluorophore non-emissive so that the quenched fluorophore functions not as a donor but as an acceptor. Since absorbed energy on this fluorophore is no longer transferred, EM efficiency can be quantified by measuring the decrease of emission intensity and lifetime as hetero FRET. In this paper, we elucidated distance and orientation dependence of energy migration by using this system. Multi-step energy migration among four fluorophores is also analysed. To our knowledge, this is the first study to experimentally reveal the distance and orientation dependence of energy migration among identical dyes. EQ-E duplex (Em/cQEm/cEns) Design of duplex systems used in this study. a Schematic illustration of EQ-E duplex and chemical structures of E and Q residues. b Absorption and emission spectra of perylene and anthraquinone. c Illustration of EQ-E, E, EQ and Q-E duplexes. These duplexes can be prepared by changing the combination of the three strands
Results
Sequence design. Perylene and anthraquinone (Fig. 1a) were selected as the fluorophore and the quencher, respectively, for these experiments for three reasons. First, anthraquinone quenches perylene emission very efficiently as we reported previously 35 . Therefore, back energy transfer from the quenched fluorophore to the emissive fluorophore can be neglected. Second, anthraquinone absorption has almost no overlap with perylene emission (Fig. 1b) so that hetero energy transfer from perylene to anthraquinone, which disturbs the quantitative analyses of energy migration, does not occur. Third, these molecules have planar structures, and therefore stack with natural base pairs. A Dthreoninol linker was used to introduce these chromophore as it facilitates intercalation of these molecules into DNA duplex 36 . The DNA duplex used to investigate orientation and distance dependence of EM is schematically illustrated in Fig. 1c , and the actual sequences are listed in Supplementary Table 1 . We introduced one perylene residue into a 32-mer DNA (strands E1-E4). One perylene or one anthraquinone residue was introduced into strands complementary to the 32-mer (strands cE1s-cE3s or cQE1-cQE4, respectively). By hybridizing three strands, nicked duplexes with two perylenes, one of which is located in opposite anthraquinone, were prepared (duplex EQ-E). The number of base pairs between perylene and anthraquinone were varied from 2 to 13 (see Supplementary Table 1 for details). Control duplexes with one perylene residue or one peryleneanthraquinone pair (duplexes E and EQ, respectively) were prepared by using native strands (NE, cNE or cNEs).
We previously showed that incorporation of planar molecules via D-threoninol does not distort the double helical structure 36, 37 and that dyes are stacked with a base pair at 5′ side when they are introduced into the base-pairing position 37 . Accordingly, in our design, anthraquinone is located between two perylenes in the EQ-E duplex, and the distance between anthraquinone and perylene is the same in EQ-E and Q-E duplexes.
Quantitative analysis of energy migration between two perylenes. We first measured melting temperatures (T m s) of duplexes and confirmed that duplexes were stable below 20°C (Supplementary Table 2 ). Incorporation of perylene and/or anthraquinone residues resulted in duplexes more stable than the appropriate control duplexes, indicating that there are stacking interactions of perylene and anthraquinone with neighbouring natural base pairs. Emission spectra of Q-E duplexes were measured to assess anthraquinone to perylene emission. We measured steady-state emission spectra of Q-E duplexes that contain one perylene and one anthraquinone separated by 2 to 9 base pairs ( Fig. 2a and Supplementary Fig. 1 ). Emission intensity of the Q-E duplex with a 2-base-pair separation was much lower than that of the control E duplex, whereas quenching was not detectable when residues were separated by 3 or more base pairs. Anthraquinone quenches the perylene fluorescence through electron transfer 38 . Thus, separation of E and Q by more than two base pairs does not reduce perylene emission. These results led us to conclude that quenching by anthraquinone can be neglected when the distance between perylene and anthraquinone is more than 2 base pairs.
Next, we compared emission spectra of E, EQ and EQ-E duplexes. In the EQ-E duplexes the perylene and the anthraquinone are separated by from 2 to 13 base pairs. The E duplex had a strong emission, whereas virtually no emission was observed with the EQ duplex, demonstrating the efficient quenching of perylene by anthraquinone. The duplexes in the EQ-E series had much b Fluorescence emission spectra of EQ-E, E and EQ duplexes with 5-base-pair separation. c Fluorescence lifetime measurements of EQ-E and E duplexes with 5-base-pair separation. d Emission intensities and lifetimes of EQ-E duplexes lower emission than the E duplex. A representative result for the duplex with a 5-base-pair separation between fluorophores is shown in Fig. 2b . This quenching clearly demonstrated the occurrence of energy migration between two perylenes. Similar quenching was observed with all the other EQ-E duplexes (Supplementary Figs. 2 and 3), and their emission intensities are summarized in Fig. 2d . Generally, emission intensity increased as the number of base pairs increased; however, maxima of emission intensity were observed when 8 and 13 base pairs separated the fluorophores. Similar a 5-base-pair cycle of emission intensity was observed with hetero FRET from pyrene to perylene that corresponds to a half turn of the B-form DNA duplex 32, 39 . Our result indicated that energy migration between identical chromophores also exhibits orientation dependence. We also performed time-resolved fluorescence measurements and representative results of the duplex with 5-base-pair spacing are shown in Fig. 2c (see Supplementary Fig. 4 for decay curves of other duplexes). The EQ-E duplex showed much faster decay than the E duplex, indicative of quenching due to energy migration. We also monitored decay of EQ duplexes; however, lifetimes could not be determined as decay was too rapid. Lifetimes of EQ-E duplexes are listed in Table 1 (lifetimes of control duplexes are listed in Supplementary Table 3 ). Although two lifetimes were observed when fluorophores were 3 to 6 base pairs apart, the longer lifetimes are attributed to emission from perylene in residual single strands.
We used the shorter lifetimes for calculation of energy migration efficiencies. We calculated EM efficiencies from the decrease of emission intensities and lifetimes (Φ T1 and Φ T2 in Table 1 , respectively). Φ T1 and Φ T2 generally decreased as the distance between two perylenes increased. The lifetimes exhibited similar trends as emission intensities with the longest lifetimes observed at intervals of about 5 base pairs, also demonstrating the orientation dependence of energy migration. The difference between Φ T1 and Φ T2 at short distances is relatively large; Φ T2 values are above 0.95 with 3 to 5 base pairs between fluorophores, whereas Φ T1 values are about 0.7. We hypothesized that these differences are due to the emission from excess perylene strands. Although perylene strands (Em and cEns in Fig. 1c ) of the same concentration were used for measurements, emission from perylene in the excess single strands lowered the apparent Φ T1 . In contrast, lifetime measurements can discriminate emission of excess single strands from that of EQ-E duplex.
Comparison with Förster theory. These experimentally determined efficiencies were compared with values calculated from Förster theory. Distance, orientation factor, and spectral overlap were determined and used for the calculation of migration efficiency. We first investigated the effect of anthraquinone on perylene absorption ( Supplementary Fig. 5 ). Slight hypsochromism was observed, however, its effect on spectral overlap was <1%. Therefore, we concluded that optical property of quenched perylene is virtually identical to that of the unquenched one. Molecular modelling of EQ-E duplexes indicated that perylene and anthraquinone are stacked between base pairs without disturbing double helical structure (Fig. 3a) . The angle between perylene and the neighbouring base pairs were estimated from curve fitting and molecular modelling (Fig. 3b) . We used a cylinder model where the distance increased by 3.3 Å per base pair and the angle by 33°p er base pair (Fig. 3c) . The increment of distance due to anthraquinone was assumed to be the same as for a natural base pair (3.3 Å). The theoretically calculated EM efficiencies are shown in Fig. 4 . The theoretical curve showed the same tendency as experimental values. Especially, Φ T2 values showed excellent agreement. We also measured Φ T1 at various temperatures ( Supplementary Fig. 6) , and values were almost the same irrespective of temperature. The insensitivity to temperature indicated that effects of dynamics and disorder are marginal under the conditions employed. These results clearly demonstrated that the energy migration between two perylenes strictly obeys Förster theory. Thus, these results provided the first experimental validation of Förster theory for the calculation of efficiencies and rate constants of energy migration.
Analysis of energy migration among four perylenes. We then used a similar system to investigate multi-step energy migration among four perylenes. A schematic of the experimental design is illustrated in Fig. 5a (see Supplementary Table 4 for DNA sequences). Four perylenes were introduced into DNA at 3-nucleotide intervals in strand 4E. The complementary strand, cQ, has one anthraquinone opposite the terminal perylene of 4E. When 4E is hybridized with cQ, emission from the three perylenes located distant from the anthraquinone should be quenched through multi-step energy migration. Therefore, energy migration among four perylenes can be monitored by analysis of emission intensity and lifetime. We also synthesized DNA strands tethering perylene residues at different positions (1E-1 to 1E-4) as controls. The controls showed similar emission intensities when each was hybridized with a complementary strand without a quencher (cN) as shown in Supplementary Fig. 7 . 4E/cN showed almost identical intensity to the sum of intensities of 1E-1/cN, 1E-2/cN, 1E-3/cN and 1E-4/cN. The emission intensity of 1E-1/ cQ was almost nil, whereas other combinations were the same as 1E duplex without Q (Fig. 5b) . The 4E/cQ duplex with four fluorophores had much lower emission than the sum of the emission from each perylene (Fig. 5b , compare red line with dotted line). This large difference between 4E/cQ and the sum is clear evidence of multi-step energy migration among four perylenes. The higher T m of 4E/cQ than those of control duplexes (1E-1/cQ to 1E-4/cQ) indicated that base pairing of natural base pairs is not severely disturbed upon the introduction of nonnatural residues (Supplementary Table 5 ). We also performed time-resolved fluorescence measurements, and decay curves of 4E/cQ and 4E/cN are shown in Fig. 5c . 4E/cN showed a monoexponential decay with a lifetime of 8.40 ns (Table 2 ). In contrast, biexponential decay with lifetimes of 1.19 ns and 3.80 ns was observed for 4E/cQ. The decrease in lifetime associated with the incorporation of anthraquinone clearly demonstrates the efficient energy migration among four perylenes.
We simulated the fluorescence decay of 4E/cQ from the noncoherent energy hopping mechanism based on Förster theory 23, 25, 40 . The decay curve of each perylene can be simulated by solving differential equations using migration and decay rate constants. Rate constants of intrinsic decays of each perylene were determined from lifetimes; the exception was the decay rate of the perylene adjacent to anthraquinone, which was estimated from emission intensity. Energy migration rate constants were calculated using decay rates and migration efficiencies (Supplementary Table 6 ). Migration efficiencies were calculated from Förster theory by using the distances and orientation factors between perylenes, which were determined from molecular modelling (Fig. 5e ). Simulated decay curves of the four perylenes are shown in Fig. 5d . The resultant decay curve of each perylene depended on its position. The perylene located far from anthraquinone had the slowest decay, whereas the perylene located to the 5′ side of anthraquinone had the fastest (Fig. 5d) . Interestingly, the average curve of four perylenes, which corresponds to the overall decay curve of 4E/cQ, could be fitted with a biexponential curve with lifetimes of 0.05 and 1.42 ns (Table 2 and Supplementary Fig. 8 ). A 0.05-ns lifetime is too short to be detected by our apparatus. In contrast, observed lifetime of 1.19 ns is in good agreement with the simulated lifetime (1.42 ns). The longer lifetime (3.80 ns) might be due to excess single strand or to structural disorder; either would result in incomplete migration. These results indicated that even efficiency and rate constants of multi-step energy migration can be estimated using Förster theory.
Discussion
Here we clarified the distance and orientation dependence of energy migration in detail. We demonstrated that energy migration between identical chromophores strictly obeys Förster's theory. Our system can be used to determine and predict efficiencies and rate constants of energy migration steps of various chromophoric arrays. Recent studies have revealed that coherent coupling plays important roles in efficient energy transport in natural photosynthesis 15, 41 . Since our system is simple but robust, it could be used to analyse other fluorophores such as Cy3 or thiazole orange 42 . Furthermore, it could be used to investigate energy migration processes in strongly coupling regimes. We also demonstrated that multi-step migration can also be estimated from the theory. Energy migration is used in many applications such as light-harvesting antennae, logic gates, chemical sensing, and photon energy conversion 43 . In order to achieve the best performance of these devices, it is necessary to tune rate constants of each energy transport step precisely. The present results may provide a framework for design and preparation of photonic devices, circuits, and sensors with desirable properties.
Methods
Oligonucleotides. All conventional phosphoramidite monomers, CPG columns, reagents for DNA synthesis, and Poly-Pak II cartridges were purchased from Glen Research. Other reagents for the synthesis of phosphoramidite monomers were purchased from Tokyo Chemical Industry, Wako, and Aldrich. Native oligodeoxyribonucleotides (ODNs) were purchased from Integrated DNA Technologies.
ODNs tethering perylene or anthraquinone were synthesized on an automated DNA synthesizer (H-8-SE, Gene World) as we reported previously 44, 45 Absorption measurements. Absorption spectra were measured on a JASCO model V-530, V-550 or V-560. Sample solution contained 5 μM each strand, 100 mM NaCl, 10 mM phosphate buffer (pH 7.0). The melting curves were measured with a UV-1800 (Shimadzu) by monitoring 260 nm absorbance versus temperature. The melting temperature (T m ) was determined from the maximum in the first derivative of the melting curve. Both the heating and the cooling curves were measured, and the calculated T m s agreed to within 1.0°C. The temperature ramp was 0.5°C min −1 . The sample solutions for melting analyses from absorbance contained 100 mM NaCl, 10 mM phosphate buffer, pH 7, 1.0 µM (for data shown in Supplementary Table 2) or 2.0 μM (for data shown in Supplementary Table 5 ) each strand.
Fluorescence measurements. Fluorescence spectra were measured on JASCO models FP-6500 and FP-8500. The excitation wavelength was 427 nm. Band widths were 3 nm (FP-6500) or 2.5 nm (FP-8500) for excitation and emission. Before measurements, sample solutions containing DNA duplex were heated at 80°C, then slowly cooled down to 0°C at a rate of 4°C min −1 . Fluorescence spectra were measured over the range from 80 to 0°C at 10°C intervals with 4-min incubations after each temperature change. Emission spectra shown in this paper were measured at 0°C unless otherwise noted. Sample solutions contained 100 mM NaCl, 10 mM phosphate buffer, pH 7.0. Concentrations of oligonucleotides were 1.0 µM for those tethering perylene (E1 to E4, cE1s to cE3s, 4E, 1E-1 to 1E-4) and 1.5 µM 
a Lifetimes could not be determined due to fast decay ARTICLE COMMUNICATIONS CHEMISTRY | DOI: 10.1038/s42004-018-0093-0 quencher strands (cQE1 to cQE4, cQ). For control measurements, concentrations of native strands were 1.0 µM for NE and cNEs and 1.5 µM for cNE and cN.
Fluorescence lifetime measurements. A pulse at 780 nm was generated by a Ti: sapphire laser system (Spectra-Physics, Tsunami; 3950-L2S, fwhm 150 fs, 82 MHz). The repetition rate was reduced to 4 MHz by a pulse selector (Spectra-Physics Model 3980). The exciting source was a laser with wavelength converted to 390 nm by passage through SHG crystals. Fluorescence emission was captured by a streak camera (Hamamatsu C4334) operating in photon counting mode. Measurements were performed at room temperature. Decay curves were obtained from the integration of the photon counts in the spectral region from 470 to 530 nm in the streak image. The fluorescence decay curve was analysed using the U8167-01 programme (Hamamatsu). The decay curves were fitted with the biexponential function α 1 exp(−t/τ 1 ) + α 2 exp(−t/τ 2 ).
Determination of EM efficiency. Energy transfer efficiency was calculated from steady-state fluorescence (Φ T1 ) or fluorescent lifetimes (Φ T2 ). Φ T1 was calculated from the following equation:
where I, I Q and I D are emission intensities of EQ-E duplex, EQ duplex and E duplex, respectively. When energy transfer between two perylenes does not occur, I should be equal to I D plus I Q so that Φ T1 becomes zero. In contrast, when excitation energy of perylene at distant position perfectly transfers to perylene next to anthraquinone, the intensity of the perylene should be the same as that of the quenched one. Therefore, I should be equal to 2I Q . In this case, Φ T1 becomes unity (Supplementary Figure 9) .
The energy migration efficiency, Φ T2 , was determined from fluorescence lifetime measurements. For duplexes containing one fluorophore with no quencher (E duplex), the fluorescent lifetime (τ D ) can be represented as follows:
where k f and k d1 are an emissive rate constant and a non-radiative decay rate, respectively (Supplementary Figure 10) . τ, which is a lifetime of EQ-E duplex, can be represented by using the energy migration rate constant (k t ):
Lifetimes of EQ duplexes could not be determined in time-resolved fluorescence measurements with our apparatus. Besides, emission intensity of EQ duplexes were much lower than those of E duplexes, indicating quenching by anthraquinone occurs very rapidly. Therefore, we ignored the decay rate of quenched perylene (k d2 ) because it is much larger than other rate constants. By using equations (2) and (3), energy transfer efficiency from fluorescent lifetimes (Φ T1 ) can be simply calculated as follows:
Energy minimization based on molecular mechanics. The energy minimization for the molecular structure model of DNA duplexes tethering perylene and anthraquinone was carried out using MacroModel (MacroModel, version 11.6; Schrödinger) applying the AMBER force field. Duplexes were constructed from canonical B-form DNA duplex by using a graphical programme. The water solvent effects were simulated using the analytical Generalized-Born/Surface-Area (GB/SA) model. Convergence threshold was set to 0.05 kJ Å −1 mol −1 .
Theoretical calculation of energy transfer efficiencies based on Förster theory. Energy transfer efficiency was calculated from the following equations:
where R is the distance between donor and acceptor, R 0 is a Förster radius (the distance where Φ T equals 0.5), J is the integral of spectral overlap between absorption and emission of perylene, n is a refractive index (which is typically assumed to be 1.4 for biomolecules), and Φ D is a quantum yield of perylene. When dyes are located in parallel planes, the orientation factor, κ 2 , can be calculated by using the angle between transition dipoles of dyes (θ T ):
Theoretical transfer efficiency can be calculated from the distance and angle between two chromophores. Rise and typical twist angle of B-form duplex, 3.3 Å per base pair and 33°per base pair, respectively, were used to calculate the distance and the angle between dyes. These parameters were determined by fitting theoretically calculated efficiencies with experimental data, and the resultant values are consistent with reported parameters 46, 47 . In our design, anthraquinone is located between two perylenes. Therefore, we hypothesized that the distance between perylenes and anthraquinone was also 3.3 Å. We assumed an angle of 52°b etween dyes angles based on an estimate from molecular modelling and curve fitting. When anthraquinone was introduced into the counter position of perylene, slight hypochromic effect was observed in UV-vis spectrum ( Supplementary  Fig. 5 ), which were used to calculate spectral overlap integral.
Simulation of multi-step energy migration. Energy migration among four perylenes was simulated by solving the following differential equations.
where P n is probability of nth perylene being excited, k mn is rate constant of energy transfer from mth perylene to nth perylene (see Fig. 5d for the number of perylenes), and k dn is rate constant of intrinsic decay of nth perylene. k nm s were calculated from equations (5) to (7) . Distances and orientation factors were calculated based on molecular modelling shown in Fig. 5e . For simplicity, it was assumed that constants of forward transfers were equal to those of reverse transfer (i.e., k mn = k nm ). k d2 , k d3 and k d4 were calculated from fluorescence lifetimes of 1E-2/cQ, 1E-3/cQ and 1E-4/cQ, respectively. Since k d1 cannot be determined directly due to fast decay of 1E-1/cQ, we estimated k d1 from its fluorescence intensity (Fig. 5b, green line) . Since intensity of 1E-1/cQ is about one thousand times lower than that of 1E-1/cN, we used 1.00 × 10 11 s −1 as k d1 . We also confirmed that small difference of k d1 does not significantly affect the results of the simulation. Rate constants used for the simulation are listed in Supplementary Table 6 . Differential equations were solved by using lsode function in GNU Octave 4.2.1. The simulated fluorescence lifetime of 4E/cQ was calculated by fitting the biexponential curve to the averaged decay curve (Supplementary Fig. 8 ).
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